The mechanisms by which exercise mediates its multiple cardiac benefits are only partly understood. Prior comprehensive analyses of the cardiac transcriptional components and microRNAs dynamically regulated by exercise suggest that the CBP/p300-interacting protein CITED4 is a downstream effector in both networks. While CITED4 has documented functional consequences in neonatal cardiomyocytes in vitro, nothing is known about its effects in the adult heart. To investigate the impact of cardiac CITED4 expression in adult animals, we generated transgenic mice with regulated, cardiomyocyte-specific CITED4 expression. Cardiac CITED4 expression in adult mice was sufficient to induce an increase in heart weight and cardiomyocyte size with normal systolic function, similar to the effects of endurance exercise training. After ischemia-reperfusion, CITED4 expression did not change initial infarct size but mediated substantial functional recovery while reducing ventricular dilation and fibrosis. Forced cardiac expression of CITED4 also induced robust activation of the mTORC1 pathway after ischemic injury. Moreover, pharmacological inhibition of mTORC1 abrogated CITED4's effects in vitro and in vivo. Together, these data establish CITED4 as a regulator of mTOR signaling that is sufficient to induce physiologic hypertrophy at baseline and mitigate adverse ventricular remodeling after ischemic injury.
Introduction
Multiple lines of evidence suggest exercise has benefits for primary and secondary prevention of cardiovascular disease (1) . Exercise induces important systemic changes affecting the cardiovascular system through alterations in metabolism, peripheral vessels, and skeletal muscle. However, studies in animal models suggest that exercise also induces changes intrinsic to the heart itself, which contribute to its benefits (2) . Improved cardiovascular performance, enhanced metabolic efficiency, and cardiac growth in the form of physiologic hypertrophy are all adaptive responses to exercise (3) .
Cardiac hypertrophy secondary to exercise can result in increases in left ventricular mass of 20% or more (4) . While physiologic hypertrophy can grossly appear similar to pathological hypertrophy, the underlying processes are distinct at both the cellular and molecular levels (5) . Although increased cardiomyocyte size underlies both physiologic and pathologic hypertrophy, the former is associated with proportional increases in both the length and width of cardiomyocytes, while the latter often demonstrates disproportionate increases in cardiomyocyte length that are thought to be maladaptive (6) . In addition to a distinct morphology, exercise leads to improved cardiomyocyte calcium sensitivity (7) , T-tubule organization (8) , mitochondrial biosynthesis (9) , and enhanced contractility (10) . Exercise training reduces ischemic injury (11) but also independently mitigates adverse remodeling when initiated after infarction by attenuating fibrosis, ventricular dilation, and cardiac dysfunction (1, 12, 13) .
Previous collaborative work from our laboratories profiled all known transcriptional components in hearts from mice exposed to swim stress in comparison with sedentary controls and with mice subjected to pressure-overload to identify genes differentially expressed in exercise (2) . Among these, CITED4 (Creb binding protein [CBP]/p300-interacting transactivator with ED-rich carboxy-terminal domain-4) was increased in exercised hearts. CITED4 was originally cloned as a protein interacting with CBP/p300 and as
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Initial functional studies in vitro demonstrated that CITED4 induces hypertrophy and hyperplasia in neonatal cardiomyocytes (2) . A subsequent high-throughput phenotypic screen of hypertrophic agonists on cardiomyocyte gene expression and morphology found that neuregulin-1 (NRG1), a physiological stimulus increased in exercise, was most closely linked to increased CITED4 expression (15) . Interestingly, CITED4 expression attenuated cardiomyocyte elongation, promoting a more physiological growth pattern (15) . However, the effects of CITED4 expression in vivo, particularly in the adult heart, are completely unknown.
To determine whether cardiac CITED4 expression is sufficient to recapitulate the effects of exercise, we developed an inducible, cardiac-specific transgenic model and characterized the effects of CITED4 expression at baseline and after ischemic injury.
Results
Creation of a cardiac-specific CITED4 transgenic. To examine the effects of CITED4 expression in vivo, we generated inducible, cardiac-specific transgenic mice -referred to throughout as iCITED4 -in which transgene expression is suppressed by doxycycline (16) . Removal of doxycycline from chow in 8-to 10-week-old mice resulted in robust expression of the FLAG-tagged CITED4 transgene in double-positive mice (tTA + / CITED4 + ) ( Figure 1A ). The induction of CITED4 by transgene activation culminated in a 3-fold increase in CITED4 protein (P < 0.01 by 1-way ANOVA) compared with iCITED4 mice still under doxycycline suppression or single-positive (tTA + or CITED4 + ) controls ( Figure 1B ). There was full expression of the transgene just 6 days after removal of doxycycline, and expression persisted at similar levels over the ensuing weeks (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/jci. insight.85904DS1). Examination of multiple tissues confirmed that expression of the FLAG-tagged CITED4 transgene was cardiac specific ( Figure 1C Cardiac expression of CITED4 induces physiologic hypertrophy. Three weeks after doxycycline withdrawal, heart weight in iCITED4 mice increased 15%-20% in both male and female mice compared with littermate controls ( Figure 1E ). There was no difference in lung weight, demonstrating iCITED4 mice do not develop pulmonary congestion suggestive of heart failure (Supplemental Figure 2C ). Histological examination by H&E staining and Masson's Trichrome stain (MTS) confirmed concentric hypertrophy without an increase in fibrosis ( Figure 1D ). Echocardiographic analyses before and 3 weeks after induction of CITED4 demonstrated a small but statistically significant decrease in fractional shortening in iCITED4 mice, as compared with single-positive controls ( Figure 1F ). With continued expression up to 6 weeks, there was no difference in fractional shortening between iCITED4 animals and controls, suggesting the initial small decrease in ventricular function was a transient effect that did not lead to progressive decline ( Figure 1F and Supplemental Figure 3 ). Consistent with the gravimetric data, the relative mass index determined by echocardiography (17) at both 3 and 6 weeks after CITED4 expression demonstrated a stable, approximately 25% increase in left-ventricular mass over the entire period ( Figure 1G ). These data demonstrate that cardiac-specific expression of CITED4 induces stable cardiac hypertrophy with normal cardiac function. This is similar to what is seen after endurance training in mice.
Histological analyses of Wheat Germ Agglutinin-stained (WGA-stained) cardiac sections demonstrated a 24.5% increase (P < 0.01) in cardiomyocyte cross-sectional area in CITED4-expressing transgenics compared with matched controls (Figure 2 , A and B), suggesting that the change in cardiomyocyte size is sufficient to account for the increased heart mass. qPCR revealed increases in the ratio of αMHC/βMHC and expression of Troponin T (TnT), as well as a decrease in brain natriuretic peptide (BNP) ( Figure 2C ). These changes are characteristic of physiological hypertrophy. Exercise induces markers of proliferation in adult hearts (2, 13, 18) , and forced expression of CITED4 increased proliferation of neonatal rat ventricular myocytes (NRVMs) (2, 15) . To examine whether cardiomyocyte proliferation contributed to the increased heart size seen in adult hearts with short-term CITED4 expression, we administrated the thymidine analogue EdU for the last 2 weeks of induction. Since unambiguous identification of cardiomyocyte nuclei is challenging in fixed heart sections (19) , we isolated nuclei and stained them for PCM1 to identify cardiomyocyte nuclei (20) . The percent EdU-positive PCM1-positive cardiomyocyte nuclei as determined by flow cytometry was consistent with the low basal rate of DNA synthesis reported by others (21) and was not altered by CITED4 expression ( Figure 2 , D and E). Taken together, these data suggest cardiomyocyte-specific expression of CITED4 in the adult heart is sufficient to induce physiological cardiac hypertrophy similar to that seen with endurance exercise training (22) . However, CITED4 does not appear to induce baseline cardiomyocyte proliferation in the adult mouse heart, at least as reflected in PCM1-positive nuclei over the time frames examined.
CITED4 improves cardiac remodeling and survival after ischemic injury. Exercise reduces initial ischemic injury (23) . However, exercise also reduces adverse remodeling, attenuating fibrosis, ventricular dilatation, and cardiac dysfunction in both animal models (24) and humans (25) . Thus, we examined whether CITED4 expression is sufficient to mediate the effects of exercise on the response to ischemic injury. We subjected iCITED4 mice or controls to ischemia-reperfusion injury (IRI) induced by 30 minutes of left cor- (E) Increases in heart weight to tibial length for males (8.36 ± 0.35 mg/mm vs. 6.84 ± 0.32 mg/mm) and for females (6.62 ± 0.22 mg/mm vs. 5.72 ± 0.08 mg/mm). n = at least 5 animals per group. (F) Fractional shortening before and after induction of iCITED4 for 3 weeks and 6 weeks, respectively; n = 8-12 males per group. (G) Increase in relative mass index after 3 weeks of induction in CITED4 transgenics remains stable for at least 6 weeks of expression. Relative increase in LV mass for CITED4 transgenics as compared with controls: 27.7% ± 5.2% at 3 weeks and 25.1% ± 7% at 6 weeks. For all graphs: significance determined by the Student's t test unless otherwise specified; *P < 0.05, **P < 0.01. onary artery ligation followed by reperfusion. CITED4 expression had no effect on the initial infarct size, as determined by triphenyltetrazolium chloride (TTC) staining at 24 hours ( Figure 3A ). Consistent with this, echocardiography showed a similar degree of dysfunction in CITED4-expressing transgenics and control mice at 24 hours ( Figure 3B ). However, 6 weeks after ischemic injury, ventricular function in CITED4expressing mice recovered to near normal levels, while there was little to no recovery in littermate controls ( Figure 3B ). Correspondingly, there was a 3.4-fold reduction (P < 0.05) in cardiac fibrosis in iCITED4 mice as compared with controls ( Figure 3 , C and D). There was also a nonsignificant trend toward lower lung weights (P = 0.06), suggestive of protection against heart failure ( Figure 3E ). Finally, there was a 30% reduction in mortality (P < 0.05) in iCITED4 transgenics as compared with controls 6 weeks after cardiac injury ( Figure 3F ). These data demonstrate that, while CITED4 expression does not change initial infarct size after ischemic injury, it is sufficient to promote functional recovery, dramatically reducing adverse cardiac remodeling, late fibrosis, and mortality.
CITED4 regulates autophagy and apoptosis after ischemic injury. Autophagy is a self-degradative process that plays important roles in homeostasis through removal of defective proteins and organelles. In the heart, autophagy alters the response to ischemia and reperfusion. However, autophagy can have either beneficial or detrimental effects in cardiac IRI depending on the context (26) . After reperfusion, autophagosomes accumulate in the heart due to impaired clearance and lead to increases in ROS, mitochondrial permeability, and cardiomyocyte death (27) . Because exercise activates basal autophagy in both skeletal and cardiac muscle (28), we examined whether CITED4 expression alters autophagy at baseline or after IRI. CITED4 expression did not significantly alter basal autophagy in the heart, as indicated by levels of LC3-II, a marker of autophagosomes (data not shown). We next examined hearts from iCITED4 transgenics and controls 1 week after IRI, when ventricular function begins to diverge between the groups as the iCITED4 mice recover (Supplemental Figure 4 ). Whole-heart lysates from CITED4 transgenics demonstrated a substantial reduction in LC3-II levels 1 week after IRI compared with controls ( Figure 4 , A and B). To determine the cell lineage involved, we quantified the number of LC3-II puncta on histological sections and found a dramatic reduction in the number of puncta in cardiomyocytes (Figure 4 , D-F). LC3-II levels and the number of autophagosomes reflect both changes in activation of autophagy and flux through the pathway (29) . Interestingly, cardiac levels of p62, a scaffolding protein that accumulates when flux is impaired, were reduced > 2-fold in CITED4 transgenics compared with controls ( Figure 4 , A and C). Thus, although CITED4 expression does not regulate basal autophagy in the heart, it reduces the accumulation of autophagosomes in cardiomyocytes after reperfusion, which could reflect either reduced formation or enhanced elimination.
As noted above, reperfusion-induced accumulation of autophagosomes can contribute to cardiomyocyte loss (30) . Consistent with the reduction in autophagosome accumulation in iCITED4 hearts, TUNEL Quantification of fibrosis as a percentage of the total area (Control: 11.9% ± 2.6%, iCITED4: 3.5% ± 1.2%, n = 5 per group). **P < 0.01. (E) Trend to reduced lung weights consistent with a decreased degree of heart failure in CITED4 expressing mice, †P = 0.06 by Student's t test. (F) Improvement in mortality in iCITED4 transgenics as compared with controls; n = 13 (control), 11 (iCITED4) at the start of the experiment; P < 0.05 by Log-Rank parametric test. For all graphs: significance determined by the Student's t test unless otherwise specified; *P < 0.05, **P < 0.01. staining 1 week after IRI also demonstrated a reduction in cardiomyocyte apoptosis ( Figure 4 , G and H). To determine whether CITED4 also has direct antiapoptotic effects in cardiomyocytes, we expressed CITED4 in NRVMs that were subjected to hypoxia-reoxygenation. CITED4 expression substantially reduced cardiomyocyte apoptosis after hypoxia-reoxygenation in vitro to an extent comparable with that seen with pharmacological IGF-I treatment (Supplemental Figure 5A ). Expression profiling in NRVMs revealed that CITED4 expression in NRVMs upregulated several antiapoptotic genes, including BCL2 (data not shown) -which was confirmed by qPCR (Supplemental Figure 5B ) -likely accounting for the observed anti-apoptotic effect. We concluded that CITED4 expression is sufficient to reduce apoptosis of cardiomyocytes both in vitro and in vivo after an ischemic injury. mTORC1 signaling is activated by CITED4 expression and necessary for physiologic hypertrophy and improved cardiac remodeling after injury. The serine/theorine kinase mTOR is a central regulator of cell growth and autophagy through phosphorylation of downstream substrates including ULK1/2 and Atg13 (31) . We interrogated mTOR signaling in hearts from iCITED4 transgenics and controls 1 week after IRI ( Figure  5A ), since this is when cardiac function is clearly recovering in iCITED4 mice but not controls (Supplemental Figure 4 ). mTOR signals via 2 distinct complexes, mTORC1 and mTORC2, which are distinguished by their associated components, their specific downstream signaling targets, and their sensitivity to rapamycin (32) . mTORC2 is less sensitive to rapamycin and mediates the phosphorylation of serine 473 (S473) on AKT1 and its subsequent activation (33) . Immunoblotting did not reveal any increase in phosphorylation of mTOR ( Figure 5E ) or of AKT1 (S473; Figure 5F ) in iCITED4 transgenics, suggesting that mTORC2 is not affected by CITED4 expression. In contrast, phosphorylation of targets of mTORC1 -including P70 S6 kinase (p70S6K) ( Figure 5B ), ULK1/2 ( Figure 5C ), and the regulator of protein translation 4EBP1 ( Figure 5D ) -was consistently increased by CITED4 expression. AMP kinase is a multisubunit protein that regulates multiple metabolic pathways including mTOR and can directly activate autophagy through phosphorylation of ULK1 (34) . Phosphorylation of AMPK (T172) normalized to total AMPK was also not altered by CITED4 expression (Supplemental Figure 6 ). Taken together, these data demonstrate that CITED4 expression leads to mTORC1 activation in vivo without activation of either AMPK or AKT1.
To examine the functional contribution of mTOR activation to the phenotypes induced by CITED4 expression, we examined the effects of the mTOR inhibition by rapamycin. As previously described, adenoviral expression of CITED4 in NRVMs increases both cell size (hypertrophy) and DNA synthesis (proliferation marker), as determined by incorporation of the thymidine analogue (EdU) (2, 15) . Expression of CITED4 increased cardiomyocyte size ( Figure 6, A and B) , and this effect was completely blocked by rapamycin. CITED4 also increased NRVM EdU incorporation almost 3-fold (LacZ: 3.26 ± 0.44% vs. CITED4: 9.35 ± 0.11%, P < 0.001); EdU incorporation was also inhibited by rapamycin (LacZ: 2.74 ± 0.31% vs. CITED4: 3.31 ± 0.15% P = 0.4) ( Figure 6 , A and C). Notably, rapamycin only inhibited the increase in cell size and proliferation induced by CITED4 expression but did not reduce baseline NRVM size or EdU incorporation. Thus, CITED4-driven activation of mTORC1 appears necessary for its effects on NRVM hypertrophy and proliferation in vitro.
To determine if the phenotypes seen with CITED4 expression in vivo are also mediated by mTORC1, we treated iCITED4 transgenics and controls with rapamycin before and after IRI. The increased left ventricle (LV) mass evident on echocardiography with CITED4 expression was completely blocked by rapamycin ( Figure 7A ), suggesting that in vivo, as in vitro, CITED4-induced cardiac growth is mTOR dependent.
We then performed IRI in iCITED4 transgenics and controls receiving vehicle or rapamycin and followed cardiac function by echocardiography. In WT mice, rapamycin has an acute cardioprotective effect thought to be mediated by PI-3 kinase and/or JAK2-STAT3, but it also mitigates adverse remodelingpossibly through inhibition of negative feedback to IRS-1 (35) . We hypothesized that the favorable remodeling seen with CITED4 expression is dependent on mTOR activation and is similar to that observed with transgenic mTOR expression in the heart (36) . Therefore, rapamycin should specifically exacerbate remodeling in CITED4 transgenics as well as mediate an acute cardioprotective effect in both control and iCITED4 mice. As seen previously, at 24 hours, there was no significant difference in the fractional shortening between controls and iCITED4 transgenics receiving vehicle ( Figure 7B ). There was a trend toward improvement in ventricular function in both the iCITED4 transgenics and controls treated with rapamycin as compared with those receiving vehicle (P = 0.08 and 0.1, respectively) ( Figure 7B) , consistent with the acute cardioprotective effects of rapamycin (37) . Six weeks after IRI, control mice receiving rapamycin demonstrated modest functional improvement compared with controls receiving vehicle, likely reflecting the initial cardioprotective effect and smaller infarcts compared with vehicle-treated animals. In contrast, the functional recovery seen again in iCITED4 transgenics treated with vehicle was completely blocked by rapamycin ( Figure 7B ). Correspondingly, late fibrosis in controls improved while fibrosis in iCITED4 transgenics worsened in response to rapamycin (P = 0.01) (Figure 7, C and D) . Thus, in all respects, iCITED4 transgenics treated with rapamycin behave indistinguishably from littermate controls after IRI. The mass by echocardiography demonstrates an increase at baseline with CITED4 expression, which is inhibited by daily rapamycin (2 mg/kg) treatment. (B) Echocardiography demonstrates a nonsignificant trend toward improved function in animals receiving rapamycin versus those injected with vehicle (controls: with vehicle fractional shortening (FS) = 34.5% ± 1.6% vs. with rapamycin FS = 39.2% ± 2.1%, P = 0.1; iCITED4: with vehicle FS = 34.6% ± 3% vs. with rapamycin FS = 42.2% ± 1.8%, P = 0.08). Repeat echocardiography at 6 weeks after IRI demonstrated substantial recovery in CITED4 transgenics that was blocked by rapamycin treatment, **P < 0.01 by 1-way ANOVA. (iCITED4: with vehicle FS = 51.6% ± 2.8% vs. with rapamycin FS = 42.2% ± 1.8%, ‡P < 0.01) Comparison of control mice treated with rapamycin demonstrated recovery compared with mice receiving vehicle (controls: with vehicle % FS = 36.3% ± 1.2%, vs. with rapamycin FS = 41.5% ± 1.2%, *P = 0.01), n = 4-6 animals per group. (C) Representative images of cardiac sections stained with MTS demonstrated a reduction in the fibrosis in iCITED4 mice receiving vehicle. Scale bars: 1 mm. (D) Quantification of fibrosis 6 weeks after IRI revealed reduced fibrosis in CITED4 transgenics that was inhibited by rapamycin treatment (vehicle, controls: 9.9% ± 1.6% vs. iCITED4: 4.6% ± 0.4%, **P = 0.01; rapamycin, controls: 8.5% ± 1.6% vs. iCITED4: 7.1% ± 1.3%; n.s. designates P = 0.48). n = 4-6 animals per group. (E) Protein lysates from hearts 6 weeks after IRI demonstrate increased phosphorylation of S6 kinase in iCITED4 mice receiving vehicle, which was suppressed by administration of rapamycin, without a significant change in AKT1 activation. (F) Quantification of Western blotting reveals increased S6 kinase activation with CITED4 expression; *P < 0.05 by 1-way ANOVA. Rapamycin inhibits S6 kinase phosphorylation in control mice administered rapamycin by ratio of phosphorylated p70S6K to total p70S6K (P-p70S6K/p70S6K) (vehicle: 1 ± 0.26 vs. rapamycin: 0.44 ± 0.05, *P = 0.05) and blocks activation of S6 kinase by CITED4 (vehicle: 2.06 ± 0.22 vs. rapamycin: 0.85 ± 0.06, *P < 0.01). n.s. denotes no significant difference between CITED4 transgenics given rapamycin and controls. Student's t test was used in paired groups unless otherwise specified.
increased S6 kinase phosphorylation at threonine 389 indicative of mTORC1 activation in iCITED4 transgenics was also suppressed by rapamycin treatment (Figure 7 , E and F). As before, there was no increase in AKT1 (S473) phosphorylation with CITED4 expression, suggesting an absence of mTORC2 activation. Thus, the combination of the functional, anatomic, and signaling data in controls and iCITED4 transgenics with or without rapamycin treatment all strongly suggest that CITED4 induction of both physiologic hypertrophy and improved cardiac remodeling after IRI in vivo is mediated by activation of mTORC1.
Discussion
To examine the effects of CITED4 in the adult heart in vivo, we generated an inducible transgenic mouse line that results in regulated expression of CITED4 specifically in cardiomyocytes. Transgene induction in adult animals culminated in an approximately 3-fold increase in CITED4 protein levels, comparable with increases seen in exercise (2) . Cardiac CITED4 expression was sufficient to recapitulate many but not all of the phenotypes seen with endurance exercise training. Heart and cardiomyocyte size increased without fibrosis, and cardiac function remained normal with induction of physiologic hypertrophy genes. Although prior studies suggested that exercise induces an increase in cardiac proliferation markers (2, 13, 18) and CITED4 induces proliferation in NRVMs (Figure 7 , A and C), we did not see an increase in EdU incorporation in PCM1-positive cardiomyocyte nuclei in iCITED4 transgenics during 2 weeks of observation. This suggests CITED4 expression is not sufficient to induce this phenotype in PCM1-positive cardiomyocyte nuclei in adult hearts in vivo over these time frames. Whether CITED4 expression can enhance cardiomyogenesis over longer time frames and/or be induced by other pathophysiological stimuli -or whether there could be a PCM1-negative subset of cardiomyocytes undetected in these assays -are interesting questions for future investigation.
Using a model of myocardial IRI, we found that CITED4 expression did not significantly affect initial infarct size at 24 hours but substantially enhanced functional recovery at 6 weeks, in association with a 3-fold reduction in late fibrosis, a trend toward lower lung weights, and improved survival. Taken together, these data demonstrate that, although CITED4 expression does not confer acute cardioprotection, it does markedly mitigate adverse remodeling after ischemic injury. Since exercise training has independent beneficial effects on both initial infarct size and late adverse remodeling (38) , we infer that CITED4-independent pathways mediate the former, while CITED4-dependent pathways are likely major contributors to the latter. Adverse remodeling is an important cause of human heart failure that may be more amenable to therapeutic targeting than initial infarct size, given the unanticipated nature of acute coronary syndromes. Therefore, finding ways to induce or activate CITED4 warrants further investigation as a potentially feasible strategy to promote functional recovery and lessen adverse remodeling after ischemic injury.
CITED4 expression decreased both the accumulation of autophagosomes and cardiomyocyte apoptosis after IRI. Although ischemia induces autophagy, reperfusion appears to impair autophagic flux, leading to accumulation of both LC3-II and p62 thought to contribute to cardiomyocyte apoptosis (26) . While we did not directly examine autophagic flux, our results are consistent with these studies in demonstrating autophagosome accumulation with increased LC3-II and p62 that were mitigated by CITED4 expression. This CITED4-induced reduction in autophagosome accumulation also correlated with a decrease in cardiomyocyte apoptosis demonstrated in vivo. The reduction in autophagosome accumulation may seem paradoxical, given data that exercise induces autophagy in both skeletal and cardiac muscle (39) . However, it is possible that the reduction in autophagosomes after reperfusion reflects enhanced autophagic flux or that the effects of exercise-related pathways on autophagy are different in settings such as IRI.
These phenotypes are most consistent with increased activation of mTORC1 and its downstream targets in iCITED4 transgenics. Inhibition of mTORC1 with rapamycin revealed that both the cardiomyocyte hypertrophy and proliferation induced by CITED4 in vitro and the increase in LV mass observed in vivo were mTORC1 dependent. While the relative contribution of mTORC2 appears to be negligible, given both the lack of altered AKT phosphorylation and the sensitivity to rapamycin, other signaling mechanisms may predominate in different cellular contexts. Interestingly, the initial (24 hour) dysfunction after IRI in both CITED4-expressing mice and controls was slightly improved by rapamycin treatment, consistent with the previously described acute cardioprotective effect of rapamycin (40) . In contrast, while rapamycin-treated controls demonstrated better function at 6 weeks compared with vehicle-treated controls, consistent with smaller initial infarcts, the iCITED4 transgenics treated with rapamycin did substantially worse than vehicle-treated iCITED4 mice, bringing them back to control levels of dysfunction. These divergent responses to rapamycin of control and iCITED4 mice underscore the specificity of the observations and support the role of mTOR in mediating the beneficial effects of CITED4 on ventricular remodeling. These data implicate CITED4 as a regulator of mTOR signaling that is sufficient to induce physiologic hypertrophy similar to that seen with endurance exercise training and demonstrate that mTORC1 activation is necessary for these effects.
In summary, we examined the effects in the adult heart of expressing CITED4, a common downstream effector in cardiac transcriptional and microRNA pathways differentially regulated in the heart in response to exercise. We found that CITED4 expression was sufficient to induce physiological heart growth, similar to that seen with endurance exercise training. CITED4 did not alter the initial infarct size or cardiac dysfunction after IRI, but it induced a remarkable functional recovery over the ensuing weeks, associated with reduced cardiomyocyte autophagosome accumulation and apoptosis, a dramatic reduction in fibrosis, more favorable LV remodeling, and improved survival. These phenotypes appear dependent on CIT-ED4-induced activation of mTORC1. Given these findings, learning to manipulate CITED4 expression or activity in vivo warrants further investigation as a therapeutic strategy to promote functional recovery and mitigate adverse ventricular remodeling after ischemia injury.
Methods
Generation of iCITED4 transgenic mice. A tetracycline-off binary α-MHC transgene system was used as previously described (16) . For the responder mouse line, the full-length CITED4 transcript was amplified by PCR with a C-terminal FLAG tag from a mouse library and subcloned into a vector generously given by Jeffrey Robbins (Cincinnati Children's Hospital, Cincinnati, Ohio, USA) (16) . A Not I fragment was microinjected into FVB/NJ oocytes and transferred to pseudopregnant mice. After confirmation of stable Mendelian transmission, positive mice were bred to the appropriate tTA driver line, and cardiac-specific, doxycycline-regulated CITED4 expression was confirmed in line 9, which was used for all the experiments presented. Double-positive mice (tTA + and CITED4 + ) are referred to as iCITED4 mice throughout the text unless otherwise specified. Doxycycline was administered in the food using a special diet formulated by Purina (200 mg/kg in pellets). To induce CITED4 expression, 8-to 10-week-old mice were fed normal chow without doxycycline for the indicated interval, usually 3 weeks prior to experiments or analysis. tTA and CITED4 lines were always maintained as single-positive lines and crossed for experiments to ensure consistent copy number and expression levels of the transgene. Male mice were used throughout the study unless indicated otherwise. The parent strain was FVB, and at least 4 backcrosses were performed prior to the experiments presented in this study.
Ischemia reperfusion model and analyses. Transgenic iCITED mice and controls were subjected to ischemia reperfusion as previously described (41) . Briefly, the left anterior descending artery (LAD) was ligated with 7-0 silk (Ethicon). Five minutes into ischemia, 50 μl of fluorescent microspheres (10 μm FluoSpheres, Molecular Probes) were injected into the LV cavity to delineate the perfused area and nonperfused areaat-risk (AAR). Following 30 minutes of LAD occlusion, the LAD ligature was released, and reperfusion was confirmed visually. After 24 hours, 1 week, or 6 weeks of reperfusion, mice were sacrificed and hearts were collected for analyses. To determine the myocardial infarct size, hearts were stained with 2,3,5-TTC (Sigma-Aldrich) as reported previously (42) . In animals euthanized 6 weeks after IRI, 2-chamber cardiac sections were made and stained with MTS to identify fibrosis. All surgeries and analyses were performed by investigators blinded to genotype or treatment. For the rapamycin experiments, animals were treated with rapamycin at 2 mg/kg or vehicle by daily i.p. injections starting 3 weeks before ischemic injury for a total period of 9 weeks.
Cardiomyocyte isolation, culture, and transfection. Primary NRVMs were prepared as described (43) . Isolated NRVMs were purified by preplating. Before treatment, NRVMs were synchronized and cultured in serum-free media 24 hours after plating. EdU was added to the media 18 hours prior to fixation with 4% paraformaldehyde. EdU detection was performed according to the manufacturer's protocol, and cells were counter-stained with an antibody to TnT (Abcam, catalog ab56357).
Cardiomyocytes and noncardiomyocytes were isolated from adult mice as described previously (13) . Briefly, left ventricles were harvested from mice and Langendorff perfused with collagenase. Digested hearts were than dissected into small pieces and dissociated into single cells. After filtering, the cell solution was allowed to settle for several minutes in a Falcon tube (Falcon). The cell pellet and supernatant were transferred to individual Falcon tubes for further separation. The cell pellet was resuspended in transfer buffer and settled to precipitation. After the second precipitation, the cell pellet was checked for typical rod-shaped morphology before RNA and microRNA extraction to confirm expression of cardiomyocyte markers. The initial supernatant was centrifuged first at 50 g (3 minutes) and then 300 g (5 minutes) before confirmation of cardiomyocyte versus noncardiomyocyte identity of pelleted cells by qPCR for fibroblast and cardiomyocyte markers.
Determination of EdU Incorporation by flow cytometry. Isolation and staining of adult cardiomyocyte nuclei was performed as previously described (20) . In brief, control and iCITED4 animals were given i.p. injections of the thymidine analogue EdU (1 mg) every other day for 2 weeks after induction of CITED4 expression by doxycycline removal. Hearts were removed and homogenized using a handheld tissue homogenizer, and cells were then incubated with a hypotonic solution and mechanically lysed with a dounce homogenizer. Nuclei were isolated by sucrose gradient centrifugation and stained with anti-PCM1 antibody (Sigma) to identify the nuclear envelope of adult cardiomyocyte nuclei. A secondary stain with FITC-labeled secondary antibody was performed, and the nuclei were separated by FACS using the S3e Cell Sorter (Propell Labs). Sample purity was then determined by analysis of the sorted population on a fluorescent microscope.
Microscopy, confocal microscopy, and image quantification. Images of cultured cells were taken with Leica DM 5000 B microscope. For fluorescent imaging, heart sections were imaged on an inverted Zeiss LSM 510 Meta confocal microscope using standard techniques. At least 30 random images were obtained from each group. For quantification of autophagy, frozen cardiac sections were fixed with 4% paraformaldehyde and stained with antibodies for Cardiac Troponin (TNNT) and LC3B (Abcam, catalog ab56357, Cell Signaling Technologies, catalog 2775S, respectively). For quantification of fibrosis, H&E and MTS slides were imaged automatically with a VS120 (Olympus) slide scanner. Images were then quantified using ImageJ in a blinded fashion.
Echocardiography. Echocardiography was performed on conscious mice using a GE Vivid7 with i13L probe (14 MHZ) as described previously (41) . Briefly, parasternal long-axis views, short-axis views, and 2D guided M-mode images of short axes at the papillary muscle level were recorded. The average of at least 6 measurements was used for every data point from each mouse. Analyses were performed in a blinded fashion to genotype or treatment.
Western blotting. For Western blot analysis, protein lysates were separated by SDS-PAGE using precast gels (Bio-Rad) and transferred to nitro-cellulose membranes using a semi-dry transfer method for 45 minutes at 15 V. Membranes were blocked with 5% milk for 1 hour and incubated with primary antibodies either for 3 hours at room temperature or overnight at 4 degrees with agitation. Species-specific secondary antibodies conjugated to horseradish perioxidase (Cell Signaling Technologies) were used for detection. Imaging and quantification was performed with a digital imager (Bio-Rad) using commercial software. All antibodies used in are described in Supplemental Table 1 .
qPCR. For analysis of relative mRNA levels, total RNA was isolated from either whole hearts or isolated cells by inorganic extraction with Trizol and subsequent ethanol purification. After normalization, we created total cDNA by reverse transcription (Applied Biosystems) following the manufacturer instructions. Using specific primers for each target gene, real-time PCR reactions were carried out using SYBR-green and standard amplification protocols. All target genes were compared with at least 2 housekeeping genes (TBP and GAPDH) and calculated as the relative fold change from the house keeping gene and the relevant control (ΔΔ). At least 3 biologic replicates were averaged for each experiment. Primer pairs for BNP, αMHC, βMHC, SMA1, and TNT were all from PrimerBank (https://pga.mgh.harvard.edu/primerbank/). For CITED4, the following primers were used: forward -CCTGGCATACGGCTCCTTC, reverse -AGACTGCAGGTGC-GTGCTAC. Standard melting curves and separation on a DNA gel demonstrated a single band of the appropriate size representing amplification of CITED4.
Statistics. Data are presented as box/whisker plots, with the center line representing the mean and the upper and lower bounds of the box corresponding to the 25th and 75th percentiles of the averaged data. The whiskers denote the 10th and 90th percentile. Unpaired, 2-tailed Student's t tests were used as indicated, with P < 0.05 considered significant, n.s. designates nonsignificance and a P value greater than 0.1. When assessing multiple groups, 1-way ANOVA was utilized with Tukey's post hoc test. Kaplan-Meier survival analysis was performed with JMP software using the Log Rank test for significance. All other statistical analyses were performed in IGOR Pro.
Study approval. All animal protocols were approved by the Institutional Animal Care and Use Com-
